Seizure-induced neuronal death may involve engagement of the BCL-2 family of apoptosis-regulating proteins. In the present study we examined the activation of proapoptotic BAD in cultured hippocampal neurons following seizures induced by removal of chronic glutamatergic transmission blockade. Kynurenic acid withdrawal elicited an increase in seizure-like electrical activity, which was inhibited by blockers of AMPA (CNQX) and NMDA (MK801 and AP5) receptor function. However, only NMDA receptor antagonists inhibited calcium entry as assessed by fura-2, and cell death of hippocampal neurons. Seizures increased proteolysis of caspase-3 and terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) of cells. Seizure-like activity induced dephosphorylation of BAD and the disruption of its constitutive interaction with 14-3-3 proteins. In turn, BAD dimerized with antiapoptotic BCL-Xl after seizures. However, the absence of neuroprotective effects of pathway intervention suggests that BAD may perform a reinforcement rather than instigator role in cell death following seizures in vitro.
Introduction
Clinical neuroimaging studies reveal progressive hippocampal atrophy in patients with long-standing epileptic seizures. [1] [2] [3] Experimental and now human studies suggest that programmed cell death and/or apoptosis may contribute to the mechanism of neuronal death following seizures based on apoptotic morphology (blebbing, condensation of the nucleus), DNA fragmentation, upregulation of BCL-2 family proteins and activation of the caspase (cysteinyl aspartatespecific protease) family of cell death enzymes in affected cell populations. [4] [5] [6] [7] [8] [9] [10] Mitochondria are critical sites for the initiation and reinforcement of cell death pathways, being a source of apoptogenic factor (e.g. cytochrome c) sequestration and release. 11, 12 Cell death signals that converge on mitochondria are integrated and effected in part by proapoptotic members of the BCL-2 family such as BAX and BAK, 13, 14 events opposed by antiapoptotic members such as BCL-Xl. In addition, BCL-2 homology 3 (BH3) domain-only containing death agonists such as BID 15 may also trigger cytochrome c release, or potentiate the effect of BAX/ BAK. 13, 16, 17 Another member of the proapoptotic BCL-2 family is BAD. 18 BAD normally resides in an inactive state complexed with the chaperone proteins of the 14-3-3 family. 19, 20 The interaction of BAD with 14-3-3 is crucially dependent on the phosphorylation of BAD on a specific residue (Ser 136). 19, 21 Following apoptotic stimuli and/or dephosphorylation by calcineurin, 22 BAD is released from 14-3-3 and then dimerizes with BCL-Xl. 23 Since BCL-Xl constitutively sequesters BAX, this triggers the release of BAX, 18 which then translocates to mitochondria to exert its cell death initiating effect. While recent evidence supports the role of this BAD pathway in in vivo 24, 25 and in vitro 26 models of neuronal injury, its role in seizure-induced cell death has not been investigated.
We therefore examined whether this pathway is activated in the setting of seizure-induced neuronal injury using an in vitro model in which hippocampal neurons are chronically grown in kynurenic acid (Kyn) and high magnesium, which on withdrawal triggers high-frequency paroxysmal seizure-like discharges. 27, 28 Presently, we demonstrate that seizure-like activity in neuronal cultures activates the BAD cell death pathway, but find this event plays a contributing or even redundant role in the mechanism of neuronal death.
Results
Withdrawal of Kyn induces seizure-like activity that is mediated by NMDA and AMPA glutamate receptors Seizure-like activity in neuronal cultures, following relief of the chronic glutamatergic transmission block by Kyn, was characterized using whole-cell patch-clamp technique. Following the formation of tight seal and whole-cell configuration, neurons were current-clamped with a membrane potential of À60 mV. As shown in Figure 1 , the majority of hippocampal neurons remain quiescent in the presence of Kyn. Upon washout of Kyn, almost all neurons (n¼12) displayed seizurelike activity as evidenced by high-frequency firing of action potentials over a slow and sustained membrane depolarization ( Figure 1a) . Application of NMDA receptor blocker MK801 (10 mM) or AP5 (100 mM) largely decreased sustained depolarization (n¼4-5), with little effect on the firing of action potentials (Figure 1b,c) . In contrast, application of CNQX (20 mM) completely eliminated the firing of action potentials (Figure 1d ).
Seizure-like activity increases intracellular calcium via NMDA receptors
Fura-2 calcium imaging revealed that Kyn withdrawal triggers prominent calcium entry (Figure 2a ). Calcium entry was subsequently blocked by return of Kyn to cells. MK801 coapplication on withdrawal of Kyn completely blocked calcium entry to neurons (Figure 2b) . Furthermore, calcium entry was also blocked by the competitive NMDA antagonist AP5 100 mM (n¼5; data not shown). In contrast, CNQX had no significant effect on calcium entry during seizure-like activity in vitro (Figure 2c ).
Withdrawal of KA increases cell death in hippocampal cultures
LDH assay of cultures determined that seizure-like activity caused a significant increase in LDH release compared to control at all time points investigated ( Figure 3a) . Cultures subjected to 4 h Kyn withdrawal and then returned to media containing Kyn showed lower levels of cell death than complete omission of Kyn ( Figure  3a) . Nevertheless, seizure-like activity provoked submaximal injury as confirmed by greater LDH release following incubation of the cells with the cell death inducing agent staurosporine. 29 
Figure 1
Characterization of seizure-like activity in vitro. Representative wholecell patch-clamp traces showing the induction of seizure-like activity on withdrawal of kyn from the culture media and the effects of MK801, APV or CNQX on such activity. After the formation of whole-cell configuration, neurons were current-clamped with a membrane potential of À60 mV. Upon washout of kyn (as indicated by the arrow), neurons (n¼12) display seizure-like activity as evidenced by high-frequency firing of action potentials on top of a slow and sustained membrane depolarization (a). Application of NMDA receptor blocker MK801 (10 mM) or APV (100 mM) during washout of kyn largely decreases sustained depolarization, with little effect on the firing of action potentials (b and c). We next incubated cultures with the noncompetitive antagonist MK801 (10 mM), the competitive NMDA receptor antagonist AP5 (100 mM) and the AMPA receptor antagonist CNQX (40 mM). In contrast to the observations in the electrophysiology experiments but supportive of calcium imaging findings, the increase in LDH release following Kyn withdrawal was abolished in the presence of AP5 and MK801 but not CNQX (Figure 3b ).
Seizure-like activity induces cell death with common features of apoptosis
Following withdrawal of Kyn, there was an increase in TUNEL-positive cells compared with control at 24 and 48 h (Figure 4a,b) . High-power microscopic analysis of TUNEL-positive cells revealed many exhibited features consistent with apoptosis such as condensation and clumping of chromatin and formation of apoptotic bodies (inset in Figure 4a ). The time course of the increase in TUNEL-positive cell counts was similar to the increase in LDH release over time, suggesting that many of the cells indeed die by a slow method of cell death, which is consistent with apoptosis.
To provide biochemical evidence for apoptosis, we examined the expression and proteolysis of BID, a caspase substrate that forms a key link between the extrinsic (death receptor) and intrinsic (mitochondrial) pathways that is cleaved during apoptosis and triggers cytochrome c release. Western blotting confirmed BID expression at the predicted weight of B22 kDa in hippocampal cultures and expression tended to increase following seizures (Figure 4c ). We also detected an increase of the 15 kDa cleaved form of BID from 1 to 24 h after Kyn withdrawal.
Finally, we examined expression and proteolysis of caspase-3, the key executioner caspase in apoptosis. Using an antibody specific for active caspase-3, we detected a strong increase in caspase-3 cleavage (p19 fragment) 24 h following seizure induction (Figure 4d ). 
Seizures trigger dissociation of BAD from 14-3-3 and association with BCL-Xl
We next examined the constitutive and seizure-affected protein-protein interactions of the BAD pathway components using coimmunoprecipitation. Preliminary studies confirmed that the BAD antibody effectively precipitated BAD (Figure 5b and data not shown). In control neuronal cultures there was robust binding of BAD to 14-3-3 and no binding of BCL-Xl to BAD immunoprecipitates. In cultures subject to seizures, binding of 14-3-3 to BAD rapidly decreased and this was commensurate with an increase in BCL-Xl appearing in BAD immunoprecipitates ( Figure 5c ). Binding of 14-3-3 to BAD was undetectable by 24 h, while binding of BCL-Xl to BAD tended to decline after 4 h.
Regulation of BAD phosphorylation
BAD protein is bound (or resequestered) to 14-3-3 by phosphorylation on a critical residue Ser 136 , 21 a target of prosurvival protein kinases such as ERK 1/2 (p42/44 MAP kinase) and Akt. 26, 31, 32 It has previously been shown that glutamate-stimulated calcium influx into cells activates calcineurin, a protein phosphatase, which can dephosphorylate BAD. 22 We first examined the role of these protein kinases as potential counteractive pathways to suppress BAD in this model. Western blotting confirmed the constitutive Akt expression in hippocampal cultures and Akt levels did not change following seizure induction (Figure 6a We next assessed the roles of the prosurvival kinases in the phosphorylation of BAD using U0126, a MAP kinase kinase (MEK) (MAP kinase pathway) inhibitor and the phosphatidylinositol 3 (PI3) kinase inhibitor LY294002, which prevents Akt activation. Immunoblotting confirmed that the MEK inhibitor U0126 selectively reduced phosphorylation of ERK 1/2 , while LY294002 reduced Akt phosphorylation (Figure 6c ). Cell death assays revealed that U0126 and LY294002 promoted a small increase in both basal and Kyn withdrawal-induced LDH release, although this did not reach statistical significance (Figure 6d ).
Inhibition of the BAD pathway
Treatment of neuronal cultures with the calcineurin inhibitor FK506 (4 h) reduced the seizure-induced release of Bad from 14-3-3 and formation of the BAD-BCL-Xl dimer (Figure 7a ). Immunoblotting confirmed that FK506 reduced the depho- 
Discussion
In the present study we provide the first functional evidence for the activation of the BAD pathway following seizure-like activity in an in vitro model. Kyn withdrawal elicited seizurelike electrical activity and neuronal injury as demonstrated by LDH release and TUNEL staining of cells in a time-dependent manner. While AMPA and NMDA receptor antagonists inhibited seizure activity, only NMDA receptor antagonists inhibited calcium influxes and cell death. Seizure-like activity induced the release of BAD from 14-3-3 and caused a transient increase in BAD-BCL-Xl formation, which corresponded with a decrease in phosphorylation of BAD. Finally, pharmacological manipulation suggested that while BAD is activated downstream of calcineurin, its inhibition does not confer effective protection on neurons, perhaps because of commensurate activation of other (BID/caspase-3) cell death pathways. These data suggest that while this pathway is activated by seizures in vitro, BAD performs either a reinforcement role or rather compensatory pathways ensure progression to neuronal death.
The model employed in the present study is based on previously established systems for the study of injuryproducing seizure-like activity in vitro. 28 This model bears significant differences to models of excitotoxicity in which glutamate agonists are exogenously applied to neuron cultures to model excitotoxicity. 28 Our electrophysiological recordings confirmed that dramatic seizure-like spiking is induced on withdrawal of the chronic glutamate transmission block. Further, we found this elicits neuronal death as assessed by LDH and TUNEL assays. Interestingly, although CNQX was effective in inhibiting fast electrical activity, it was ineffective at inhibiting cell death following Kyn withdrawal. It appears that mediation of calcium entry, as opposed to spiking/action potentials per se, is required for cell death likely through NMDA receptors. Fura-2 calcium imaging experiments revealed that prominent calcium entry occurs on withdrawal of Kyn that is completely blocked by MK801 but not the AMPA receptor antagonist CNQX. These data therefore corroborate electrophysiological findings that it is calcium entry through NMDA receptors that is the principal stimulus for cell death in this model.
The mechanism by which seizures induce neuronal death is yet to be completely characterized, but morphological studies suggest that a mixture of necrotic and apoptotic mechanisms are likely to be involved. 6, 33, 34 While ultrastructural examination of cells is requisite in definitive classification of cell death as apoptotic, necrotic or otherwise, high-power microscopic examination of TUNEL-positive cells in our studies confirmed that nuclear features consistent with apoptosis-like cell death were frequently present. Biochemical analysis has demon- Seizure-induced BAD activation R Meller et al strated upregulation of BCL-2 family proteins known to modulate apoptotic cell death in experimental and now human epileptic brain samples. 5, 9, 35, 36 In our model of seizure-like activity in neuronal cultures, we detected a number of biochemical markers of apoptosis-like cell death including cleavage of BID and caspase-3, events previously reported in vivo following seizures. 8, 10 However, studies are yet to functionally demonstrate roles for any of the BCL-2 family proteins in this injury setting. The mechanism by which these molecules exert these effects is still being understood but likely involve dimerization-mediated inactivation of antiapoptotic BCL-2/BCL-Xl or direct coagonist actions with BAX and/ or BAK. 17, 18 While a small number of studies have examined expression of BCL-2 family proteins in brain following seizures, 5, 35, 37 these have not addressed the functional responses of this pathway. Indeed, many BCL-2 family proteins are constitutively expressed in brain, even in the adult, 38, 39 and may not require new protein expression to exert effects. 40 Examination of the protein-protein binding events of BCL-2 family proteins is therefore essential in assessing the role of these molecular cell death regulators in brain injury.
Our initial examination by western blotting confirmed the constitutive expression of the principal components in the BAD pathway, but revealed little change after seizure-like activity despite ongoing cell death. This finding also demonstrates that any protein-protein binding changes cannot be a consequence of altered underlying expression levels. Functional interaction assessment by coimmunoprecipitation analysis revealed activation of the BAD pathway after seizure-like activity in vitro. We found the constitutive interaction complex of BAD with 14-3-3 to be present in control neuronal cultures, but following seizure-like activity there is rapid dephosphorylation and release of BAD, which subsequently dimerized with BCL-Xl. This has previously been shown to free BAX from BCL-Xl, which then translocates to mitochondria to cause cytochrome c release and engage the caspase pathway. 18, 23 Our study therefore provides functional evidence for the activation of BAD following seizures in vitro, complementing findings on neuronal apoptosis following exposure to exogenous glutamate receptor agonists, 22 but contrasting events following mild NMDA receptor stimulation in which BAD is phosphorylated and inactivated. 41 A number of protein kinases have been shown to phosphorylate and inactivate BAD including Akt (protein kinase B) and components of the MAP kinase pathway. 31, 32 In our cultures we detected constitutive activation of Akt, MEK 1/2 , ERK 1/2 and p90 RSK. Tonic activation of these pathways was confirmed by putatively selective inhibitors, which knocked down phosphorylation of ERK 1/2 and Akt in a selective manner. However, inhibition of MEK/ERK 1/2 with U0126 or inhibition of Akt by LY294002 did not significantly worsen cell death outcome during seizures. This suggests that the MAP kinase and Akt pathways do not contribute effective counteractive measures during cell death triggered by seizure-like activity. Alternatively, the persistence of other cell death pathways may overwhelm the protective effects of these protein kinases. These findings also contrast previous work that suggested MAP kinase inhibition is neuroprotective after seizures in vitro. 42 Additional studies are required to determine whether survival kinase pathways can intervene in the mechanism of cell death in this model.
There is a paucity of specific pharmacological agents with which to manipulate the BAD pathway. However, of those studied, the calcineurin inhibitor FK506 has been shown to block BAD dephosphorylation by calcineurin, 22 although other cellular effects that might also yield neuroprotection have been attributed to FK506. 43 We confirmed that FK506 markedly reduced activation of BAD as assessed by reduced dimerization with BCL-Xl, an increase in BAD 14-3-3 interaction and reduced seizure-induced dephosphorylation of BAD, but we did not in fact detect a significant protective effect with FK506. This was surprising since FK506 has previously been shown to protect against NMDA excitotoxicity, 44 which may support the contention that this model of seizure-like activity in vitro bears significant differences to models of excitotoxicity that employ exogenously applied glutamate agonists. The lack of a protective effect of FK506 might be a consequence of residual BAD binding to BCL-Xl being sufficient to trigger cell death. An alternative explanation is that other BCL-2 family proteins compensated for the reduced BAD effects, an event reported to occur for BCL-2 and caspase pathways. 40, 45 Indeed, we found that both BID truncation and caspase-3 activation persisted in neuronal cultures despite the suppression of the BAD pathway. This suggests that BAD may not contribute any significant cell killing effects in this model, or at best BAD is reinforcing, with other pathways adequate to complete the cell death process. Further, the contribution of necrosis to the mechanism of cell death in this setting may be significant if in vivo morphological findings extend to this in vitro model. 6, 33 It may be of interest to compare the effects of combining a block on proapoptotic BCL-2 family proteins with enhancement of the effects of antiapoptotic members of the BCL-2 family to mitigate cell death associated with seizurelike activity. Also, the robust BID cleavage observed suggests upstream caspase-8 and/or death receptor pathways might next be examined in this model, since evidence for such pathways has been provided in vivo following seizures. 10, 46, 47 Questions remain as to whether the present in vitro studies will extrapolate to in vivo seizure models or a clinical setting. In support of this are the similarities in caspase-3 activation seen presently to that previously observed by our group following seizures in vivo 8 and in human temporal lobe resections from patients with intractable epilepsy. 9 Whether seizure-induced neurodegeneration in these latter settings might lend themselves more effectively to pharmacological intervention to mitigate cell death is unknown, but now provides a basis for future research efforts. In conclusion, we have demonstrated the activation of the BAD pathway by analysis of BCL-2 family protein dimerization interactions in neurons subject to seizurelike activity. This pathway is likely triggered by the calciumdependent enzyme calcineurin downstream of NMDA receptors based on pharmacological manipulation with FK506 and glutamate receptor antagonists. However, its functional significance is challenged by the lack of neuroprotection afforded to cultures when the BAD pathway is blocked, suggesting that other pathways may either compensate for BAD when inactivated or even predominate in the mechanism by which seizures induce neuronal death in vitro.
Materials and Methods

Neuronal cell culture
Hippocampal neuronal cultures were prepared from 1-to 3-day-old Sprague-Dawley rat pups. Briefly rat pups were anesthetized using isoflurane, decapitated and hippocampi were dissected and dissociated with papain (Worthington Biochemicals) and plated out in Neurobasal-A/ B27 media (Gibco) supplemented with 10 mM Kyn and 5 mM MgCl 2 . After 5 days, 1 mM cytosine b-D-arabinofuranoside (Sigma) and 5 ng/ml bFGF (Gibco) were added to the media. Cells were used after 3-4 weeks in culture.
Seizure-like activity was induced by incubating the cells in Neurobasal-A/ B27 media without Kyn or magnesium for indicated time points (0-48 h). Some cells were pretreated with AP-5 (10 mM), CNQX (20 mM), MK 801 (10 mM), LY294002 (10 mM), U0126 (10 mM) or FK506 (10 mM, a gift from Dr. T Andoh), 10 min prior to Kyn withdrawal, and for the period of time of Kyn withdrawal. Some cells were incubated with staurosporine (1 mM) for 0-48 h. 29 
Electrophysiology
For electrophysiology experiments, cells were plated out on polylysinecoated glass coverslips at a density of 400 000 cell/coverslip. Patch-clamp recordings were performed as described previously. 30 Patch electrodes were constructed from thin-walled borosilicate glass (1.5 mm diameter, WPI, Sarasota, FL, USA) on a two-stage puller (PP83, Narishige, Tokyo, Japan). The tips of the electrodes were normally heat polished on a Narishige microforge (Scientific Instruments Laboratory, Tokyo, Japan, Model MF-83) to a final diameter of 1-2 mm. The patch electrodes had a resistance between 3 and 5 MO when filled with intracellular solution. Membrane potentials were recorded in current-clamp mode using Axopatch 1-D amplifiers (Axon Instruments, Foster City, CA, USA). Data were filtered at 2 kHz and digitized on-line using Digidata 1320A DAC units (Axon Instruments). The on-line acquisition was done using pClamp software (versin 8.0, Axon Instruments).
Extracellular solution contained (in mM): 140 NaCl, 5.4 KCl, 25 HEPES, 33 glucose, 1.3 CaCl 2 , 1.0 MgCl 2 , 10 KA, pH 7.4 using NaOH; 320-335 mOsm. Patch electrodes contained (in mM): 140 KF, 2.0 MgCl 2 , 1.0 CaCl 2 , 10 HEPES, 11 EGTA, 4 MgATP, pH 7.3, using NaOH (the final Na + concentration is about 10 mM); 300 mOsm.
All electrophysiological experiments were performed at room temperature (22-241C). A multibarrel perfusion system (SF-77B, Warner Instrument Co.) was employed to achieve a rapid exchange of solutions.
Calcium imaging
Calcium imaging was performed as previously described. 30 Neurons grown on 25 Â 25 mm 2 glass coverslips were washed three times with extracellular solution containing 10 mM KA and incubated with 5 mM fura-2-acetoxymethyl ester for 40 min at room temperature followed by wash three times and incubated in extracellular solution for 30 min. Coverslips with fura-2-loaded cells were then transferred to a perfusion chamber on an inverted microscope (Nikon TE300). Cells were illuminated using a xenon lamp (75 W) and observed with a Â 40 UV fluor oil-immersion objective lens. Video images were obtained using a cooled CCD camera (Sensys KAF 1401, Photometrics). Digitized images were acquired, stored and analyzed in a PC-type computer controlled by Axon Imaging Workbench software (AIW2.1, Axon Instruments). The shutter and filter wheel (lambda 10-2) were also controlled by AIW to allow timed illumination of cells at either 340 or 380 nm excitation wavelengths. Fura-2 fluorescence was detected at an emission wavelength of 510 nm. In all, 340/380 ratio images were analyzed by averaging pixel ratio values in circumscribed regions of cells in the field of view. The values were exported from AIW to SigmaPlot 2000 for further analysis and plotting.
Cell death assay
For cell death assays, cells were grown in 24-well plates at a density of approximately 200 000 cells/well. Following withdrawal of Kyn, lactate dehydrogenase (LDH) release from hippocampal cells was determined using a cytotoxicity detection kit (Roche). Briefly, 100 ml of media were reacted with 100 ml reagent, incubated at room temperature for 30 min and read on a spectrophotometer at 405 and 692 nm.
Western blotting
For Western blotting, cells were plated out onto 10 cm polylysine-coated culture dishes (Primara; Becton Dickinson). Cell samples were collected at various time points following Kyn withdrawal and lysed in a nondenaturing buffer containing the protease inhibitors phenylmethylsulfonylfluoride (PMSF) 100 mg/ml, aprotinin 1 mg/ml, leupeptin 1 mg/ml, pepstatin 1 mg/ml, NaF 50 mM, Na 3 VO 4 2 mM). Protein concentration was determined by the Bradford reagent spectophotometrically at A 595 . Protein samples (30-50 mg) were denatured in a gel-loading buffer at 1001C for 5 min and then loaded on 12% SDS-polyacrylamide gels. Proteins were transferred to polyvinylidene difluoride membranes and incubated with primary antibodies at 41C overnight; anti-Akt, anti-phosphoAkt 308,473 , anti-BAD and anti-BAD 136 (polyclonal; Cell Signaling Technology), anti-14-3-3b (monoclonal, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-BCL-Xl (monoclonal; BD Transduction Laboratories, Lexington, KY, USA). Membranes were incubated with either anti-rabbit IgG or anti-mouse IgG conjugated to HRP (Cell Signalling Technology, Beverly, MA, USA) followed by chemiluminescensce detection (NEN Life Science Products, Boston, MA, USA) and then exposed to Kodak film (Biomax). Images were captured using a Dage 72 camera and gel bands analyzed using gel scanning-integrated optical density software (Bioquant, Nashville, TN, USA).
Immunoprecipitation
Cells were plated out on 10 cm dishes at five million cell/dish. Total protein (0.5 mg) was incubated with 2-4 mg primary antibody and incubated at 41C overnight. Agarose-A/G beads (Santa Cruz) (100 mg) were added and samples incubated for a further 2 h at 41C. Samples were washed using an immunoprecipitation kit (IP50, Sigma). The protein/bead mixture was denatured at 951C for 10 min and then loaded onto 12 % SDSpolyacrylamide gels. Blots were subjected to Western blotting as above.
DNA fragmentation analysis
DNA fragmentation was assessed using a fluorescein TUNEL kit according to the manufacturer's instructions (Roche). Briefly, coverslips were incubated with a reaction mixture containing terminal deoxynucleotidyl transferase and fluorescein-conjugated nucleotides for 1 h at 371C. Coverslips were washed and mounted as described above.
Data analysis
Data are presented as mean7standard error of the mean (S.E.M.) of n determinations. Data are analyzed using one-way or two-way analysis of variance (ANOVA) with appropriate post hoc tests (Graphpad Prism). Significance was accepted at Po0.05.
